The objectives of this study were to critically review randomized controlled trials, and quantify, using metaanalysis and meta-regression, the effects of supplementation with fats on milk production and components by dairy cows. We reviewed 59 papers, of which 38 (containing 86 comparisons) met eligibility criteria. Five groups of fats were evaluated: tallows, calcium salts of palm fat (Megalac, Church and Dwight Co. Inc., Princeton, NJ), oilseeds, prilled fat, and other calcium salts. Milk production responses to fats were significant, and the estimated mean difference was 1.05 kg/cow per day, but results were heterogeneous. Milk yield increased with increased difference in dry matter intake (DMI) between treatment and control groups, decreased with predicted metabolizable energy (ME) balance between these groups, and decreased with increased difference in soluble protein percentage of the diet between groups. Decreases in DMI were significant for Megalac, oilseeds, and other Ca salts, and approached significance for tallow. Feeding fat for a longer period increased DMI, as did greater differences in the amount of soluble protein percentage of the diet between control and treatment diets. Tallow, oilseeds, and other Ca salts reduced, whereas Megalac increased, milk fat percentage. Milk fat percentage effects were heterogeneous for fat source. Differences between treatment and control groups in duodenal concentrations of C18:2 and C 18:0 fatty acids and Mg percentage reduced the milk fat percentage standardized mean difference. Milk fat yield responses to fat treatments were very variable. The other Ca salts substantially decrease, and the Megalac and oilseeds increased, fat yield. Fat yield increased with increased DMI difference between groups and was lower with an increased estimated ME balance between treatment and control groups, indicating increased partitioning of fat to body tissue reserves. Feeding fats decreased milk protein percentage, but results were heterogeneous. An increased number of milkings increased the milk protein percentage, whereas the difference between the treatment and control groups in duodenal concentrations of 18:2 fatty acids and dietary Mg concentration reduced the milk protein percentage. None of the fat treatments influenced milk protein production. The range of responses to different fats fed approached or exceeded 5 standard deviations from the mean and differed in point direction for all variables studied, indicating the varied and profound biological effects of fats. Responses to fat feeding were highly heterogeneous for all variables studied and heterogeneity was present within responses to individual fat groups. The lower DMI combined with higher milk and milk fat production showed that fats could improve the efficiency of milk production. More studies are required to more completely characterize sources of variation in responses to fats.
INTRODUCTION
Feeding fat has been shown to improve milk production, milk fat production, and BCS (Weiss and PinosRodríguez, 2009 ). Commonly used fat sources include oilseeds, such as whole cottonseed, and full-fat soybeans, animal fats, palm oils, and various modifications to these designed to reduce availability of nutrients to biohydrogenation in the rumen. Kronfeld (1976) proposed that optimal diets contain a mix of glucogenic, aminogenic, and lipogenic precursors for milk production, of which 15 to 25% of ME intake should be lipids. Palmquist and Jenkins (1980) stated that rations designed for high milk yield should contain supplemental fat to increase energy content in the diet, while maintaining adequate fiber intake for milk fat synthesis. Saturated fatty acids, as found in greater concentrations in tallow, or rumen-protected forms may be particularly useful because these have minimal effects on rumen microbial activity (Palmquist and Jenkins, 1980) . Differences in milk production responses of cattle to different lipids have been observed, and milk fat and protein responses of dairy cows have been variable. Fac-tors thought to influence milk production responses include the stage of lactation when supplements are fed, effects of fats on DMI, and supplemental fat sources (Block and Evans, 2010a) . Grummer (1988) , Jerred et al. (1990) , and Simas et al. (1995) all found lower DMI when cows were fed high fat diets immediately after calving.
Sources of fat may influence responses through effects on ruminal fermentation and nutrient digestion. Further, biohydrogenation of fats in the rumen may result in the formation of intermediates, such as trans-10 C18:1 or trans-10,cis-12 C18:2, that are associated with, or have been demonstrated to cause, milk fat depression, (Griinari et al., 1998; Baumgard et al., 2000 Baumgard et al., , 2002 Bauman and Griinari, 2003; Moate et al., 2008) . The effects of trans-10,cis-12 18:2 on milk fat synthesis and depression (Bauman and Griinari, 2003) and the role of fats in arachidonic acid metabolism and immune responses (Calder, 2006) indicate that fats are very active biological agents. , in a quantitative review of responses to milk fats, identified negative effects of fat feeding on milk protein content. Further studies have been conducted since that review and their conclusions can be re-examined using a larger database.
Meta-analysis is a statistical review technique that provides greater statistical power in quantifying the overall production response than individual experimental studies by substantially increasing the sample size studied. Meta-analysis is also, perhaps, the only practical means by which the role of confounding from changes in diet structure when conducting intervention studies can be examined. Confounding of studies results potentially because an increase in the concentration of one dietary nutrient must result in a decreased proportion of other dietary components. Given the potential for carbohydrates, proteins, minerals, and other micronutrients to influence milk production, it is important to examine differences in at least some of these components among treatment and control diets to evaluate whether responses to treatment could have been confounded by these differences.
This study reviewed and collated papers and reports on fat supplementation. Our aim was to quantify the effects of supplementation on milk production and components to improve the precision of point estimates derived from pooled data, answer questions not posed by the individual studies identified by literature search, address controversies arising from apparently conflicting study results, and generate new hypotheses. We also explored sources of heterogeneity among production studies, with the intent of controlling for confounding in studies and evaluated the presence of publication bias in these data.
MATERIALS AND METHODS

Literature Search
Our literature search used PubMed, Google Scholar, ScienceDirect, Scirus, and CAB; contact with workers in the field; and investigation of references in papers. It was based on the following key words: days in milk, prepartum, peripartum, postpartum, fat supplementation, tallow, calcium salts of fatty acids, cottonseed, soybean meal, prilled fatty acids, oilseeds, protected fats, cattle, cow, dairy, milk yield, milk composition, and dry matter intake. Although more than 200 papers were identified, only 59 research papers with appropriate study designs had milk production, milk composition, and DMI data. Of these, 38 randomized clinical studies with milk production data, containing 86 comparisons, were used. Seventy-six studies with DMI information that met the selection criteria for a meta-analysis were subsequently evaluated to determine the effect of fat supplementation on DMI. A list of publications reviewed for the study is provided in Table 1 .
Inclusion and Exclusion Criteria
Studies were included or excluded in this study based on a series of criteria developed by the authors. Quality assessment criteria included randomization of study groups, blinding to treatment application and analysis of data, statistical analysis, and comparability of treatment groups at entry to each trial. Trials were included in the analysis if they met the following criteria: full manuscripts from peer-reviewed journals, published after 1980, that evaluated fat supplementation in dairy cattle; had a description of randomization processes; reported the form of fat supplements, including calcium salts of fatty acids, tallows, prilled fats (free fatty acids), oilseeds (e.g., whole cottonseed and soybean products and, in one case, with free oil); were not fishmeal or fish oil only supplements; animals studied were lactating dairy cows; the paper contained sufficient data to determine the effect size for production outcomes (e.g., the number of cows in each treatment and control group); a measure of effect amendable to effect size analysis for continuous data (e.g., standardized mean difference, SMD); a measure of variance (SE or SD) or P-value for each effect estimate or treatment and control comparisons. Effect size is the standardized difference between treatment and control groups means using the standard deviations of control and treatment groups.
Twenty-one studies were excluded from analysis. Studies that failed to meet the essential criteria of the randomized controlled trial included reviews and 3227 studies that had no milk production data or had other supplementary treatments. Crossover and Latin square studies were also excluded a priori from the meta-analysis because of the potential for these to have carryover effects (Lean et al., 2009 ).
Data Extraction
The data extracted included journal, year of publication, country or state, authors, trial design, length of trial feeding period, number of cows in control and treatment groups, milk production (kg/cow per d), 3.5% FCM (kg/ cow per d), ECM (kg/cow per d), milk fat percentage (%) and yield (kg/cow per d), milk protein percentage (%) and yield (kg/cow per d), measures of variance of responses (SE or SD), and P-values. Other information extracted from relevant papers were duration of treatment before and after calving, parity, breed, number of milkings per day, use of bST, type and amount of fat supplement, and types of diets. A summary of studies and variables measured is in Table 1 .
Diet Information and CPM-Dairy
Diets provided in the eligible reviewed papers were extracted (Table 2) . These data were initially entered into a spreadsheet (Excel, Microsoft Corp., Redmond, WA) and subsequently into CPM-Dairy (version 3.08; Cornell-Penn-Miner, http://cahpwww.vet.upenn.edu/ node/77). A standard operating procedure was developed for the procedures used (Appendix). Briefly, each paper was examined to determine if each of the following essential inputs for compiling a ration in CPMDairy were described: animal details, diet ingredients, daily DMI of the described ingredients, composition of individual feed ingredients, and housing (i.e., grazing, feedlot, dry lot). Information on animal, housing, and environment were then entered in CPM-Dairy for each diet. We noted which details were described in the paper and which required assumptions. The feed ingredients that were described in the paper were selected from the CPM-Dairy Feedbank library (http:// cahpwww.vet.upenn.edu/node/83), and the individual feed components were edited to the specifications as described in the paper. The average DIM was considered as the mean for the period of the trial. The intake of each feed ingredient was entered in CPM-Dairy as described in the paper. When a paper had insufficient information on total DMI or when cows were grazed, the CPM-Dairy model-estimated DMI was used. Estimated diets were cross-validated between information provided in the papers and that from the CPM-Dairy Feedbank library.
Statistical Analysis
We used Stata (Intercooled Stata v.11, StataCorp. LP, College Station, TX) to analyze production and DMI data by SMD, which is also called effect size analysis, in which the difference between treatment and control groups means was standardized using the standard deviations of control and treatment groups. The SMD estimates were pooled using the methods of Cohen (1988) for the fixed effect model, and DerSimonian and Laird (1986) for the random effects model. If the paper reported separate estimates of measure of variance (SE or SD) for each group, these were recorded as such. If a study reported a common SE or SD, the estimate was used for both control and treatment groups. If a study only reported a z-statistic or P-value, estimates of SE or SD were computed using the number of cows in each group. For studies that only reported a P-value less than or equal to a given value (e.g., P ≤ 0.05), then the given value was used and P-value and SE were computed using a similar method to that described above. For studies that only reported a nonsignificant effect, P-values of 0.15, 0.3, and 0.5 were assigned and compared as described by Sanchez et al. (2004) . The P-value that produced the smallest estimate of overall SMD was selected for the calculation of the standard error. Fixed and random effects models were conducted for each production outcome to estimate the effect size, 95% CI, and statistical significance of SMD. We recognize that a clustering effect results from multiple comparisons to a single control group but have determined that the variance inflation effect will be minor unless the number of repeated comparisons is very large. The statistical methods of meta-analytic procedures that were used in this paper have been previously published by the authors of this study (Lean et al., 2009) .
Forest Plots. The effects of fat supplements on production performance of lactating dairy cows are displayed in forest plots, using the estimated SMD of fat products (Figure 1 ). Points to the left of the line represent a reduction in the outcome, whereas points to the right of the line indicate an increase in the variable. Each square represents the mean effect size for that study. The upper and lower limits of the line connected to the square represent the upper and lower 95% CI for the effect size. Weight is estimated by the inverse of the variance of the effect size. Box sizes are proportional to the inverse variance of the estimates. The size of the square box reflects the relative weighting of the study to the overall effect size estimate with larger squares representing greater weight. Boxes draw attention to the studies with the greatest weight. The gray vertical line represents the mean difference of zero or no effect. All studies used Holstein except for those of Sklan et al. (1994) , Sklan et al. (1989), and Schneider et al. (1988) , which used Israeli Friesian.
2
Numbers in parentheses indicate numbers of multiparous/numbers of primiparous animals.
3 SBM = soybean meal; WCS = whole cottonseed; Ca-LCFA = calcium salt of long-chain fatty acids (Megalac, Church and Dwight Co. Inc., Princeton, NJ); Ca salts Hajenol = rumen-protected fat (Harles und Jentzsch GmbH, Uetersen, Germany); Jet-Sploded whole canola seed (Simons Feed Co., Quimby, IA); prilled fatty acids Energy Booster-100 (Milk Specialties Co., Dundee, IL).
4
EE data obtained from CPM-Dairy outputs.
5
Second lactation n = 25; third lactation n = 16; fourth lactation n = 4. 
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The estimated SMD results were converted to a measurable unit by multiplying the pooled SMD with the relevant pooled SD for each outcome (http://www. cochrane.org/cochrane-reviews).
Assessment of Heterogeneity. Variations among the trial-level SMD were assessed using χ 2 (Q) test of heterogeneity. Heterogeneity in studies reflects underlying differences in clinical diversity of the herds and fats used, differences in study design and analytical methods, and statistical variation around responses. Identifying the presence and sources of the heterogeneity improves understanding of the responses to fats.
We used an α level of 0.10 because of the relatively poor power of the χ 2 test to detect heterogeneity among small numbers of trials (Egger and Davey Smith, 2003) . Heterogeneity of results among the trials was quantified using the I 2 statistic Higgins et al., 2003) . Higgins and Thompson (2002) developed measures of the effect of heterogeneity on a meta-analysis, from mathematical criteria, that are independent of the number of studies and the treatment effect metric. Higgins and Thompson (2002) proposed 3 suitable statistics: H is the square root of the χ 2 heterogeneity statistic divided by its degrees of freedom; R is Figure 1 . Forest plot of standardized mean difference (SMD), a random effects approach using the method of DerSimonian and Laird (1986) , and their 95% CI and weights for individual fat products [tallow, Megalac (Church and Dwight Co. Inc., Princeton, NJ), oilseeds, prilled fat, and other Ca salts] determined from the results of 86 comparisons of production data of cows supplemented with fat. Box sizes are proportional to the inverse variance of the estimates. The solid vertical gray line represents a mean difference of zero or no effect. Effect sizes are standardized mean differences (standardized using the z-statistic). Thus, points to the left of the line represent a reduction in the parameter, whereas points to the right of the line indicate an increase. Each square represents the mean effect size for that fat product. The upper and lower limit of the line connected to the square represents the upper and lower 95% CI for the effect size. The size of the square reflects the relative weighting of the fat products to the overall effect size estimate with larger squares representing greater weight.
the ratio of the standard error of the underlying mean from a random effects meta-analysis to the standard error of a fixed effect meta-analytic estimate; and I 2 is a transformation of H that describes the proportion of total variation in study estimates that is due to heterogeneity. Negative values of I 2 were assigned a value of zero; consequently, the value I 2 lies between 0 and 100%. An I 2 value >50% may be considered indicative of substantial heterogeneity.
Meta-Regression. Meta-regression analyses were used to explore the source of heterogeneity of response, using the individual SMD for each trial as the outcome and the associated standard error as the measure of variance. It is appropriate to use meta-regression to explore sources of heterogeneity even if an initial overall test for heterogeneity is nonsignificant . This also allows us to quantify the magnitude as a function of the a priori defined covariate changing and exploring reasons for heterogeneity (i.e., possible/probable study-level predictors). Metaregression is also a technique that can formally test whether evidence exists of different effects in different subgroups of trials (Knapp and Hartung, 2003) . The random effects meta-regression with one covariate and additional between trial variance is given by the following equations (Thompson and Sharp, 1999) . Metaregression is the regression of y i on x i with weight W i = 1/v i (Thompson and Sharp, 1999) :
where y i is the observed parameter of interest, x i is the value of trial-specific covariate, v i is the variance of effect size within trial i, β (slope) represents the change in the parameter of interest (milk production) per unit of change in the covariate x i , and α (intercept; i.e., α = 0; y 0 | x 0 ), is the parameter of interest if the covariate is equal to zero (Thompson and Sharp, 1999; equation [1] ). To incorporate residual heterogeneity into the model to allow a multiplicative factor, greater than 1, to apply to each of the variance v i, the model then becomes equation [2] , where φ is an overdispersion parameter. Another method (equation [3] ) of incorporating residual heterogeneity is to include an additive between-study variance component, τ 2 (Thompson and Sharp, 1999) . In order to include more than one covariate in the model, we used the methods of Knapp and Hartung (2003) . This method was extended to the case of more than one covariate in the meta-regression, and the use of the smoothed within-trial variance estimates to improve hypothesis testing with regard to the significance levels. Knapp and Hartung (2003) The permutation test approach for assessing the statistical significance of meta-regression methods suggested by Higgins and Thompson (2004) , and programmed by Harbord and Higgins (2008) and Harbord and Steichen (2004) , was used in this paper to reduce the risk of type I error. Higgins and Thompson (2004) used Monte Carlo simulation to investigate the type I error rate of the commonly used, frequentist metaregression methods in various situations and to address limitations in the previously available methods. They proposed a permutation test approach for assessing the statistical significance of an observed meta-regression finding. The data are simulated under the null hypothesis of no association between effect estimates and any covariate, yet with an unexplained component of heterogeneity according to the standard random effects meta-analysis model. Without loss of generality, the average effect was assigned to zero (Higgins and Thompson, 2004) :
where
Covariates are simulated from a multivariate (standard) normal distribution so that correlation is imposed between pairs of covariates. This process provides an assessment less likely to produce type I statistical error (Higgins and Thompson, 2004) .
Meta-regression analysis was conducted by first screening individual variables using a P-value of ≤0.20. All variables with P-value of ≤0.20 were entered into a forward stepwise weighted meta-regression until all remaining variables were significant at P < 0.05.
Factors that were examined included start date of supplementation (before or after calving), duration of treatment before calving, duration of treatment after calving, types of fat, number of milkings per day (2 vs. 3), parity of cows (primiparous vs. multiparous herds vs. mixed herds with multiparous and primiparous), amount of fat products, and differences in dietary nutrients estimated from the CPM analysis between the treatment and control groups. Data were screened for plausible quadratic relationships between differences in concentrations of nutrients in the diet between the treatment and control group and the outcomes.
Publication Bias. The presence of publication bias is commonly investigated using funnel plots. A funnel plot is a simple scatter plot of the intervention effect estimates from individual studies plotted against measures of each study's size or precision. The plot is commonly presented with the effect estimates on the horizontal scale, and a measure of variance on the vertical axis. The name "funnel plot" arises because precision of the estimated intervention effect increases as the size of the study increases. Effect estimates from small studies will therefore scatter more widely at the bottom of the graph and the spread narrows for larger studies. In the absence of bias, the plot should approximately resemble a symmetrical (inverted) funnel. If bias exists (e.g., because smaller studies without statistically significant effects remain unpublished), this will lead to an asymmetrical appearance of the funnel plot, and a gap will be evident in a bottom corner of the graph. In this situation, the effect calculated in a meta-analysis will tend to overestimate the intervention effect. The more pronounced the asymmetry, the more likely it is that the bias will be substantial.
Contour-Enhanced Funnel Plots. Contourenhanced funnel plots have been used by Peters et al. (2008) to include contour lines corresponding to statistical significance (P = 0.01, 0.05, 0.1). This approach allowed the statistical significance of study estimates and areas in which studies are perceived to be missing to be considered. The contour-enhanced funnel plots may help to differentiate asymmetry caused by publication bias from that due to other factors. For example, if studies appear to be missing in areas of statistical nonsignificance, then this adds credence to the possibility that the asymmetry is caused by publication bias. Conversely, if the supposed missing studies are in areas of higher statistical significance, this suggests that the observed asymmetry may be more likely to be due to factors other than publication bias; for example, variable study quality or a failure to publish findings that were not statistically significant.
RESULTS AND DISCUSSION
Review of the Data
We critically reviewed all the data obtained and summarized findings on each study in Table 1 . Some studies contained a summary of a single trial, whereas other studies reported multiple comparisons such as different doses of fat supplement or parities of cattle, or used factorial designs to examine different aspects of responses to fat treatments. A wide range of fat and oil sources was used in these studies, and the presence or absence of fats in the control diets and fats used in control diets was very variable. Fat treatments were grouped according to several categories that were identified a priori as being suitable to evaluate. These included the tallow group (n = 15; tallow, white grease, and yellow grease); calcium salts of palm fatty acids (n = 25; these consisted entirely of studies using Megalac, Church and Dwight Co. Inc., Princeton, NJ); oilseeds (n = 30; whole cottonseed, whole sunflower, whole soybeans, and oils derived from these); prilled fatty acids (n = 4; hydrolyzed fatty acids); and other calcium salts (n = 10; flaxseed, fish oil, linseed). We found relatively few randomized controlled studies with prilled FA; however, these were included in the evaluation. A previous metaanalysis demonstrated that fats fed in one period of a Latin square study could be remobilized in a subsequent period (Duffield et al., 2008) . Many studies conducted using Latin square designs were of short duration and this may influence outcomes (Block and Evans, 2010b) . Consequently, Latin square studies were not considered for this study. A similar number of studies was identified in previous quantitative assessments conducted by Allen (2000) and Onetti and Grummer (2004) ; however, these studies used different data, as Latin square studies were used by Allen (2000) and some were included by Onetti and Grummer (2004) , who also examined effects of fat supplements on acetate:propionate ratios and fiber digestion. Our database excluded 46 studies used by Allen (2000) , contained 15 mutually accepted studies, and included 32 not used by Allen (2000) . We excluded 27 studies used by Onetti and Grummer (2004) , mutually included 8 studies, and included 35 not used by Onetti and Grummer (2004) . This study includes studies published after 2004, but only randomized controlled trials, and investigates sources of the heterogeneity or variation in responses to treatments.
The need to control for covariates reflects the marked variability in study design among studies. In particular, with a relatively large inclusion of a nutritional intervention such as fats, there will be effects on other dietary components. The unavoidable change in dietary inclusions raises questions concerning interpretation of individual studies because of the confounding effects of change in carbohydrate, protein, mineral, and micronutrient content of the diet and possibly in metabolism as a result of the fat inclusion. Despite the potential for confounding to result as a function of treatment intervention, we are not aware of previous detailed considerations of the role of this form of confounding in nutritional studies. The potential for this problem to influence the outcomes of reproductive studies has been addressed in the literature (Ferguson and Chalupa, 1989; Lean et al., 2012) . Univariate associations between variables examined and the SMD for milk production are provided in Table  2 . In previous meta-analytic publications (Rabiee et al., 2010; Lean and Rabiee, 2011) , methods described by Knapp and Hartung (2003) and Higgins and Thompson (2002) for the conduct of multivariate meta-regression have been used. Higgins and Thompson (2004) used Monte Carlo simulation methods to investigate the type I error rate resulting from the use of frequentist metaregression methods and to address limitations in these methods. Higgins and Thompson (2004) found that standard meta-regression methods could have substantially inflated false-positive rates when heterogeneity is present, such as in the present study. False positives (type I error) especially result when there are few studies and many potential covariates. Investigations of differences among studies, within studies, and the results are observational associations and are subject to biases, including aggregation bias, and confounding resulting from correlation among covariates . False-positive results are more likely in meta-regression than in conventional regression because heterogeneity can be present. It is not clear how many covariates can reliably be investigated, and how this might depend on the number of studies, the extent of the heterogeneity, and the relative weights awarded to the different studies (Higgins and Thompson, 2004) . Therefore, although comparisons and trial numbers for this study were quite large, the large number of potential covariates may have increased the risk of type I error. We tried to control this risk by the process of careful univariate screening and the method recommended by Higgins and Thompson (2004) for meta-regression. Nonetheless, alternate and valid multivariate models could have been developed, and univariate associations presented in the Appendix should be evaluated closely for biological plausibility.
Production Outcomes and Discussion
Univariate statistics on the diets and differences in diets among the treatment and control groups are provided in Table 2 . Meta-analysis of different types of fat products is provided in Table 3 and Figure 1 .
The milk production responses to fats overall were significant and the SMD production increase was 1.05 kg/cow per day, but results were very heterogeneous (I 2 = 73.6%). The average estimated increase in ether extract fed to the treatment group was 2.59% of the diet, the average feed intake of all groups was 22.0 kg/ cow per day, and the estimated mean difference in DMI between the treatment and control groups was −0.88 kg/cow per day (Table 3 ). The highest SMD estimate of milk production was for other Ca salts, which markedly, but not significantly, increased milk production (Table 3) . Similarly, Megalac (1.55 kg/cow per day) and prilled fat (1.00 kg/cow per day) substantially, but not significantly, increased milk production. The SMD, which are z-scores, are more robust measures than the weighted mean difference estimates to evaluate the effect of treatment. In all cases, however, the effects on milk production of treatment groups were positive, approached significance in the case of other Ca salts and Megalac, but were also significantly heterogeneous for oilseeds and Megalac (Table 3 ). The milk production responses, estimated mean differences (kg/cow per day) for tallow, Megalac, and prilled fats were consistent, within 0.25 kg/cow per day, with the least squares means estimates in a previous quantitative study of responses to fat supplementation (Onetti and Grummer, 2004) . The funnel plot, evaluating publication bias (Figure 2) , provided little evidence of publication bias, because it seemed to be symmetrical but showed the profound effect and heterogeneity of milk production responses to fats, as indicated by highly significant positive, and negative, responses to treatment.
All the significant meta-regression covariate effects in the final multivariate model explaining sources of variance in the SMD for milk production (Table 4) are consistent with biological effects previously reported. Milk yield increased with increased differences in DMI between the treatment and control group, and decreased with predicted ME balance between groups, probably reflecting the partitioning of nutrients toward body tissue. Milk production also decreased with increased difference in soluble protein percentage of the diet between treatment and control diets. Univariate meta-regression results (Appendix) showed a strong increase in milk production response to fat supplementation in 3-times-a-day milking comparisons, but this did not remain significant in final meta-regression models.
Dry matter intake was decreased by all fat interventions, and the estimated mean difference for this decrease was 0.88 kg/cow per day (Table 3) . Decreases in DMI were significant for Megalac, oilseeds, and other Ca salts, approached significance for tallow (P < 0.06), and were not significantly heterogeneous for Megalac, prilled fat, and other Ca salts. The reduction of DMI for other Ca salts had an SMD 2 to 3 times greater than for other fat sources, and the estimated mean difference was a substantial 2.11 kg/cow per day that was homogeneous despite differences in composition within the other Ca salts group. A reduction in DMI is consistent with the conclusions of other researchers; however, the observation that other Ca salts may have a large effect on feed intake appears to be novel. A quantitative review of literature on the effects of diet on short-term feed intake (Allen, 2000) suggested that calcium salts of palm fatty acids reduced DMI more than other sources. In this study, other Ca salts was the only group to have a significantly lower DMI, and the SMD for Megalac was consistent with that of other groups. Allen (2000) also suggested that hypophagic effects of fat increase with the proportion of unsaturated fatty acids, and the findings for other Ca salts support this contention to some degree, but the lesser effect of oilseeds suggests that these effects may be more substantial for unsaturated fats at the duodenal level. Although univariate meta-regression showed that DMI significantly decreased with a quadratic increase in the difference in EE between the control and treatment diet, no significant effect of this or level of EE in the diet on DMI was found once other responses were controlled for in multivariate analyses. The final metaregression model for DMI found that a longer period of feeding fat resulted in a higher DMI. Weiss and PinosRodríguez (2009) found significant differences in the effect of prilled fat on DMI; in early lactation, additional fat increased DMI, but late in lactation, the same fat decreased DMI. Differences between DMI responses to Megalac treatment in our study and that of Allen (2000) may reflect differences in study inclusion criteria, particularly the inclusion of shorter term Latin-square studies, and in methods of statistical analysis. Greater differences in the amount of soluble protein percentage of the diet between the control and treatment diet also significantly decreased DMI, a finding consistent with that of Allen (2000) , who found in regression analysis that the DMI increased with increased CP content of the control diets. We found little evidence of publication bias in the DMI responses, and many of the studies showed a very large effect in reducing DMI (Figure 2) . Given the tendency of the Megalac and other Ca salts to increase milk production and significantly reduce DMI, it is likely that these improve the efficiency of milk production.
The milk fat percentage response varied in point direction with different fats, with tallow, oilseeds, and other Ca salts reducing milk fat, and Megalac and prilled fat increasing the fat percentage. Results for milk fat percentage were significantly heterogeneous for fat source. The estimated SMD for Megalac and prilled fat were very similar and significantly heterogeneous for Megalac (Table 4) . The other Ca salts had a very 3239 large effect in reducing milk fat percentage. The funnel plot for milk fat percentage showed little evidence of publication bias for this result. This plot highlighted, however, the substantial and differing biological effects of dietary fat intakes on milk fat percentage. Some studies showed large, significant, positive effects on milk fat percentage and others had markedly, and very significantly, lowered milk fat percentage with treatment (Figure 2 ). The sources of fats used in the other Ca salts included fish oils, linseed, and flax oils, and the estimated mean difference of −0.48% for the effects of other Ca salts on milk fat percentage was large (Table  3) . Moate et al. (2008) conducted a quantitative analysis of dietary factors influencing milk fatty acid production and observed that dietary inclusion of fish oils decreased de novo synthesis of milk fatty acids, and had a quadratic effect on production (g/d) of C16:0 and cis-9 C16:1 milk fatty acids. It is also possible that milk fat depression may reflect increased production of trans-10,cis-12 C18:2 conjugated linoleic acid. Moate et al. (2008) found that the production of this fatty acid in milk increased with the estimated increased absorption of C18:2 fatty acids from the intestine. The current study and that of Moate et al. (2008) provide evidence with high external validity that supports the elegant Figure 2 . within the gray broken lines are 0.01, 0.05, and 0.10; FE = fixed effect. Effect estimates from small trials and comparisons will scatter more widely at the bottom of the graph and the spread narrows for larger trials and comparisons. In the absence of bias, the plot should approximately resemble a symmetrical (inverted) funnel. Contour lines corresponding to statistical significance (P = 0.01, 0.05, 0.1) to allow the statistical significance of trials and comparisons estimates and areas in which trials and comparisons are perceived to be missing to be considered. If trials and comparisons appear to be missing in areas of statistical nonsignificance, then this adds credence to the possibility that the asymmetry is caused by publication bias. Conversely, if the supposed missing trials and comparisons are in areas of higher statistical significance, this suggests that the observed asymmetry is more likely to be due to factors other than publication bias.
Journal of Dairy Science Vol. 95 No. 6, 2012 Table 4 . Multivariate meta-regression using Knapp and Hartung (2003) modification and simulation procedures (Higgins and Thompson, 2004) physiological studies of Baumgard et al. (2000) in which abomasal infusion of trans-10,cis-12 C18:2 conjugated linoleic acid decreased milk fat concentrations. Further support for this hypothesis comes from the meta-regression results (Table 4) , in which estimated differences between the treatment and control groups in duodenal concentrations of C18:2 fatty acids reduced the milk fat percentage SMD. We found negative effects on milk fat percentage from the increased difference in C18:0 and Mg percentage of the diet between the treatment and control groups. The coefficient for the effect of the difference in estimated C18:0 uptake at the duodenum between treatment and control groups was relatively small, and the negative effect may reflect the intake of unsaturated precursors of C18:0 and the effect of these on milk fatty acid synthesis. Although C18:0 is desaturated to cis-9 C18:1 in the mammary gland (Soyeurt et al., 2008) , there is no evidence that cis-9 C18:1 reduces milk fat percentage per se (Lock et al., 2007) . However, high concentrations of cis-9 C18:1 in milk fatty acids are associated with milk fat depression (Bauman and Griinari, 2003) , and an infusion of 92.1 g/d of a mixture of C18:1 isomers (Shingfield et al., 2009 ) depressed milk secretion by 19.5%, suggesting that the role of C18:0 and C18:1 isomers in milk fat depression is worthy of further examination. Magnesium is a critical part of milk fatty acid synthetase; consequently, the carboxylation of acetyl CoA to malonyl CoA is magnesium dependent (Storry, 1970) , and addition of magnesium oxide to the diet has been reported to increase milk fat percentage in some (Thomas and Emery, 1969) but not all studies (Kalscheur et al., 1997) . The range of difference between groups in Mg percentage was small, approximately 0.1%; however, this finding supports that of Moate et al. (2008) , who found a decrease in fat percentage with high intakes of magnesium oxide. The surprisingly large coefficient is consistent with a large negative effect on stearic acid production identified in the Moate et al. (2008) study.
Milk fat yield tended to increase with fat treatments (P < 0.07); however, the other Ca salts significantly and substantially reduced milk fat yield (Table 3) . Of the remaining fat sources, the Megalac and oilseeds significantly increased fat yield. Meta-regression results showed that fat yield increased with increased DMI difference between the treatment and control groups and was lower with an increased estimated ME balance between the treatment and control groups (Table 4) . The lower fat yield with estimated ME balance difference probably reflects increased partitioning of fat to body tissue reserves. The effect of the other Ca salts remained significant in the meta-regression model; however, the coefficient was not very large, indicating that the large effects that these had on fat yield may have been mediated, in part, through partitioning of energy to body tissue and through DMI. We are not aware of any studies showing a significant positive effect of calcium protected unsaturated fats (such as those in the other Ca salts) on body tissue partitioning, and this observation should be tested in further studies. Pantoja et al. (1995) found an increase in BCS with increased saturation of fat. The funnel plot (Figure 2) shows no evidence of publication bias. The very substantial differences in effect size and direction among studies presented in the funnel plot again indicates the profound differences in biological effects of fat treatments on milk fat production in the comparisons assessed.
Feeding fats decreased milk protein percentage; however, the results were significantly heterogeneous (Table  3) . Of the individual groups, prilled fat had the least effect on milk protein percentage; the SMD was small and not significant ( Table 4 ). The effects of Megalac were significant and the estimated mean difference (0.05% decrease) was heterogeneous. Tallow consistently lowered milk protein percentage (I 2 = 0.0%) by 0.09%. Oilseeds feeding decreased milk protein percentage with a large SMD and estimated mean difference, but results were heterogeneous, whereas the largest estimated mean difference decrease (0.18%) was for the other Ca salts. The results for this effect were homogeneous. Meta-regression results showed that number of milkings increased the milk protein percentage, whereas the estimated difference between the treatment and control groups in duodenal concentrations of 18:2 fatty acids reduced the milk protein percentage SMD. The coefficient for the latter effect was small, whereas the coefficient for the difference in magnesium concentration between treatment and control diets was large and negative. The range of difference in magnesium between treatment and control groups was small, however, and care should be taken in extrapolating this response. similarly identified negative effects of fat feeding on milk protein percentage and speculated on possible causes. hypothesized that decreased glucose availability, development of insulin resistance, increased efficiency of milk production, or reduced plasma somatotropin may be involved in the decreased percentage. Cant et al. (1993) found evidence of lesser amino acid supply to the mammary gland when fats were fed. Our meta-regression analysis identified 3 factors present in the study database, but could not specifically test hypotheses raised by or Cant et al. (1993) . The 3 factors identified should be tested in randomized controlled trials to further examine the nature of the responses.
None of the fat treatments significantly influenced milk protein production, although the other Ca salts had a substantial negative point direction (Table 3 ).
The milk protein yield results for fat feeding overall for tallow, oilseeds, and Megalac were all heterogeneous, and the estimated mean differences were all small effects with the exception of other Ca salts, which had a more substantial negative result. The meta-regression model developed to examine responses in milk protein yield identified a quadratic effect of difference in starch content between the treatment and control diets, a linear increase in milk protein yield response to sugar intake difference, a positive linear response to difference in magnesium, and a linear negative response to the difference in percentage of methionine requirement between the treatment and control diets ( Table 4) . The starch and sugar responses indicate a benefit in yield of protein with increased fermentability of the diet based on increased total starch or sugar content. The strong positive response to magnesium may reflect a more stable rumen with increased control of acidosis risk; however, the small range in which this finding was made suggests the need for cautious interpretation.
CONCLUSIONS
Inclusions of fat in the diets had marked effects on milk, milk fat, production, DMI, and content of fat and protein in milk. The range of responses to the different fats fed exceeded or approached 5 standard deviations from the mean and had different point directions for all variables studied, indicating the varied and marked biological effect of these treatments. Responses to fat feeding were highly heterogeneous for all variables studied; however, milk production and milk fat percentage and yield increased, DMI and milk protein percentage decreased, and milk protein yield was not significantly affected by fat feeding. The heterogeneity in response was present within many of the responses to the individual fat groups studied. Meta-regression using variables that described differences in study designs, differences in components or outcomes of diets assessed using CPM-Dairy demonstrated that the effects of fats on outcomes were influenced by study design and diet. The lower DMI with fat feeding and higher milk and milk fat production showed that fats improve the efficiency of milk production; however, more studies are required to thoroughly characterize the sources of variation in responses to fats. 8. When no information was given, we assumed that the specifications on concentrates, protein meals, and fat contents were similar to those found in the CPM-Dairy Feedbank. 9. The CPM-Dairy outputs were entered into an Excel spreadsheet. 10. All nutrient specifications for the ingredients and fat supplements used were recorded and any assumptions made on the individual feeds were highlighted in the spreadsheet. 11. A summary of all animal, management, and environment details used for each diet was entered in a spreadsheet and any assumptions made were highlighted. Table A1 . Estimated adjusted (Adj.) and unadjusted (Unadj.) probabilities of meta-regression analysis of CPM-Dairy outputs using the simulation methods described by Higgins and Thompson (2004) ; variables with P ≤ 0.20 (bold) were considered in the multivariate model 
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